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ABSTRACT 



Design calculations and experimental test results for 
an automatic startup system for the Livermore Waterhoiler 
are presented. Automatic startup from near source level 
(below the period meter range) to full power (500 watts) 
has been demonstrated with this system. Multldecade log- 
arithmic power control also was demonstrated in the range 
0.05 watts to 500 watts. Demanded period Is continuously 
variable in the range c50 to 10 seconds. Demanded power level 
is continuously variable from 0.05 watts to 500 watts. ■ 
Photographs of the control chassis and a schematic diagram 
of the control system are included. 

The Livemore Water Boiler Power Transfer Function was 
measured in the frequency ran; e 0.1 rad/sec to 157. rad/sec 
by the p/le oscillator technique. Calculations and results 
of the measurement are Included. 
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INTRODUCTION 

There exist today in several couitrios of the world 
devices which control nuclear reactors automatically over 
several decades (l, 2, 3) • Nevertheless, there are many 
unsolved p'^*o':lems of automatic rea.ctor control. Some of 
tr.ese p-^oble.ns exist because present day nuclea ’ reactors 
hove b en s'eadily controllable by human operators and, 
therefore, the demand fo:-^ automatic cont 'ol has not been 
acute, Furtheimmore , in its ovm rl-.ht, the i*ovelty of the 
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controlled element is an important factor In the state of 
development of automatic control. 

What does automatic control of the reactor over several 

decades of power level have to offer? In answering this 

% 

question, one must consider the type of reactor for wlich 
automatic multidecade control is proposed. 

In a research reactor, automatic multidecade control 
is an additional safety feature because it frees the opera- 
tor from certain specific tasks, thereby enabling him to 
observe more readily the overall behavior of the reactor 
during a change in power level. In routine Irradiation of 
materials, automatic multidecade control provides a means of 
accurately programming the flux levels and rate of change 
of flux levels desired. 

In certain new power reactors, automatic multidecade 
control becomes a necessity for proper operation of the 
reactor because of Xenon poisoning effects, or requirements 
on rate of change of power demand, or because of the com- 
plexity of instrumentation. 

The regions in which little unclassified work has been 
done include automatic startup of a reactor from near source 
level where reactor period information is not available, and 
multidecade Log Power Control, 

In an attempt to demonstrate the feasibility of these 
control modes, and to evaluate certain aspects of design 
philosophy embodied in Tory II (4) as well as to provide an 
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automatic startup feature for the Livermore L-3 Waterhoiler, 
a ten week program to design and test a reactor control de- 
vice was undertaken. 

Symbols used throughout this paper are defined in 
Appendix I. 

DESIGN REQUIREMENTS AND PHILOSOPIiY. 

A. The automatic control system for the Livermore Water 
Boiler was designed to include the followin. features; 

1. Automatic startup of the Water Boiler was to be 
from low power to demanded power, 

2. Demanded period was to be continuously variable 
in the range to 10 seconds, 

3. Demanded final power level was to be continuous- 
ly variable in the range 0,01 watts to 500 watts. 

B. Aspects of the design philosophy embodied in a pro- 
posed automatic control system for the Toiy II Reactor (4) to 
be demonstrated included; 

1. Multidecade period control, 

2. Multidecade log power control 

3. Control Mode Switching. 

C. Automatic Startup from near source level, where period 

I 

information is not available for control purposes was to be 
demonstrated , 

In attempting to complete the design a unified or 
"systems engineering" approach was stressed. 

The desi:rn philosophy was centered about flexibility. 

This was dictated by the varied design requirements. Of 
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course, implicit in any desi n requirements for nuclear re- 
actor control systems is the consideration of safety, A 
third consideration was economy and maximum utilization of 
previously Installed control equipment. 

Other desirable features included; reliability and 
simplicity of construction, of maintenance, and of operation. 

In keepin- with the alms of flexibility and maximum utili- 
zation of previously installed equipment, it seemed logical 
that the control device should Imitate the human operator in 
so far as possible, consistent with the other design require- 
ments. 

DESIGN PROCEDURE. 

It was first necessary to obtain a detailed knowledge 
of the water boiler reactor, its existinr controls, its kinet- 
ic behaviors, both theoretical and actual. This Included a 
theoretical study’ of nuclear physics, nuclear reactors in 
general, the water boiler in particular, as well as a review 
of the instruction books for the associated equipments. In 
addition, it was necessary to observe several manual startups 
in order to learn the procedure used by the operators and the 
actual behavior of the reactor. 

In order to know the actual behavior of the existing 
control elements it was necessary to make transfer function 
measurements in some cases. This information was of value in 
the design process of control loop synthesis and stability 
investigations 

Accordingly, after a preliminary study, it was decided 
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to perform as many as possible of the followlns: experiments, 
under various conditions of loading where necessary. 

1. Log N Amplifier Transfer Phinction Measurer ert from 
Input to; 

a. Period Output connector 

b. External Power Meter connector 

c. External Period Meter connector 

2. L-3 Reactor Transfer Function by one or more of the 
following methods; 

a. Pile Oscillator Frequency Response (5) 

b. Use of Autocorrelator with steady state 
measurements (6) 

c. Direct application of a Unit Impulse of Re- 
activity and ooraputation of Fourier Trans- 
form of response. 

d. Direct application of a Step in Reactivity 
with differentiation of response and com- 
putation of Fourier Transfom of result. 

After a sufficient knowledge of the existing controls had 
been obtained, additional control elements were designed as 
necessary, and control loops were designed in accordance with 
the design purpose and philosophy. 

These control loops were then analyzed for stability 
space and speed of response using linear analysis techniques. 

This was followed by an analog conputer study of the 
entire control system including multimode startup and switch- 
ing with non-linearities Included in the simulation. 
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Preliminary construction and testing of control sub- 
units proceeded concurrently with control loop design. The 
next step was construction and debugging of the control chassis, 
includinp- an operational test of the control chassis with the 

t 

analog - computer. 

Upon completion of these tests, the control system was 

% 

installed at the reactor ahd used to operate the reactor. 

Several tests were run, the system was modified as necessary 
to improve performance. A system evaluation was made and re- 
commendations for an improved finalized version of the control 
system were formulated. 

DESCRIPTION OF THE REACTOR AND EXISTING CONTROLS 

The Livermore L-3 Water Boiler is a 500-watt solution 
type reactor. The core is a 12-1/2 in. 0. D. stainless steel 
sphere of uranyl sulfate solution (UOgSO^). A graphite 
reflector is used. Light water is the moderator. 

The reactor is a research type, the maximum neutron flux 
available is 2X10^® neutrons/cm2 -sec at the glory hole 
through the center of the sphere. Figure 1 is a schematic 
representation - of the reactor# 

To remove the fission heat from the core, distilled 
water is circulated in tubing throu^,h the core and through 

a heat exchanger employing a Freon condensing system. 

A closed gas handling system is used to circulate a 
carrier gas over the fuel solution for removal of volatile 
fission products, hydrogen, oxygen and v/ater vapor. The 
hydrogen and oxygen are cataly tically recombined, and 
all water vapor is condensed and returned to the core 
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REACTOR INSTALLATION - ISOMETRIC VIEW 




tank. There is provision in the gas handling system for stor- 
age of volatile fission products and periodic removal of radio- 
active gases. Pressure in the ras system is maintained below 
atmospheric to prevent escape of radioactive i^ejsses if a leak 
should develop. 

The control and safety rod system includes two safety 
rods, a coarse control rod, and one regulating rod. 

The two safety rods are withdrawn by electric motor 
drive systems. The motors move carriages by means of a chain 
drive. The carriages carry electromagnets which when ener- 
glzed will allow wlt^idrawal of the safety rods. The motors 
are Boston Ratio motors (57.5RPIO. The safety rods may be 
withdrawn sequentially at a rate of about 8 seconds per rod. 

The rods are stainless steel tubes packed with boron carbide. 
Safety #1 controls 1.40^^ K, #2 controls 1.20^j4K; together 
they control about 2,50% 

The coarse control rod controls approximately 1,^0% in 
reactivity, the regulating rod about 0,67%, Together they 
control about 2,00% AK, 

The coarse control rod is moved manually at two speeds 
(0.5 cm/aec and 0.05 cm/sec). The electric drove system is 
a l/l5 hp Bodine speed reducer motor. There is one fast 
motor and one slow motor. A magnetic clutch is used v/lth a 
rack and pinion gear to move the coarse rod. 

The regulating (fine control) rod is equipped with a 
linear power set servo system. This is shown in block dia- 
gram form in Figure 2, 
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This system and its component parts will he examined 
in detail in this paper. 

In addition to the pas and coolinp system indicators and 
control units, there are various power level indicating chan- 
nels installed. 

For low level start-up there are two Berkeley Count Rate 
Meters (CRM) using BF3 detectors. 

For the upper six decades of operation, two Berkeley 
micro-microammoters using compensated, ionization chambers 
as detectors are installed. In addition there is a Log-N 
Amplifier which furnishes Log Power and Period Information. 
This Amplifier also uses a gamma compensated ionization cham- 
ber (CIC) as a detector. For the purpose of obtaining watt- 
hrs. Information, a Berkeley Cff.’ - Scaler - Fission Chamber 
Channel is used. Brown Recorders are used to rive a record 
of operation. Any of the above listed power Indicating 
instruments will scram the reactor on excessive power level. 

The following is a list of scram actuators: 

1. Excessive power level 

2. Fast period 

3. Excessive sweep-gas pressure 

4. Excessive fuel temperature 

5. Excessive hydrogen concentration in sweep gas 

6. Earthquake 

7. Low ’as flow rate 

8. Water leak in gas •- pressure regulating system 

9. Operator Action 
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. Instrument pov^er lost 

11. Startup source not In place 

12. Biological Shield Doors open 

13. Safety Switches open inside biological shield 

For a more complete but summary discussion of the re- 
actor, its characteristics and controls. Ref. 7 from which 
this summary is for the most part taken, should be consulted. 
For a detailed discussion^ ref erences 8, 9, 10, 11, 12, 13, 
and 14 should be consulted. 

ANALYSIS OF SONE CONTROL LOOP ELEJ-iENTS 
{All symbols are defined in the Appendix 1) 

A. SERVO A?J!PLIFIER 

The equations and constants shown below are based upon 
consideration of the actual amplifier circuit shown in Ref, 16. 

Note that the^ amplifier gain is defined from consider- 
ations of a reactor transfer function based upon constants 
which are used in Ref 15, but not in this paper. More recent 
constants are available and are used in the computer study of 
the system. Moreover, in the linear analysis to follow an 
asymptotic form of the reactor transfer function is used. 

Nevertheless, because the amplifier has been built 
based upon the design calculations in Ref 15 and with 
changing as shown in Ref 15, then K.^ will be as defined 
in Ref. 15 and Indicated below. 



Transfer Function 




( 1 ) 
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( 2 ) 



where 



0.09 



(3) 



Ks - 0.09 - 

Kq- 0.5X10“'^ to 2X10”^ reactivity/cm 
(in linear ref ion choose Kq - 0. 0192^ Zl K/cm ) 

Ka' /^Xl.exioS for Pq - (2000 - 200) watts (4) 

-J IT 

il/2 X1.6X10® for P. ^ (200 - 20) watts 

l!L 

l2_ X1.6X107 for P = (20 - 1) watts 

Kj - 5X10-8. ^ _ s-y 10 

watt reactor power ^of 

Kj^ ^ 2.5X10-3 cm/sec/volt 

Pq ^ ; 

Ka_9X10 2x noi ' -0.518X10® 

n'^/ X6xiO-(i X j/^l.SxiO 7x8.5X10-^X1.92X10-4 
7T 

Po -- low / 

K A, 9X10-2 Xnoi 

' lOnoi X5X10-ti X li2 ' Xl. 6XlU^ X2 . 5Xl0'=^T.'^^xTO-4 (6) 

Ka -0.518X105 
Po ^ lOOW" 



Ka - 9X10“^X npi 

lOOnQi X5X10-8 X XI . 6X10-®X2 . 5X10’ ^Xl . 92X10-^ (7) 

7f 

4^ 518X105 
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- 500W ; 



_ 9X10-2x 

500rioi X510-8 X i/^ x'l . 6X10 ^X2 . 5X10-3 XI. 92X10*4 (8) 

'tT 

- 0.1036X10® 







TABLE 1 






Po 


Ka 


Ka’ 




IW 


0 .518X10® 


7.2X10® 




low 


0 .518X10® 


7.2X10® 




lOOW 


0 .518X10® 


7.2X10® 




500W 


0 .1036X10® 


7.2X104 




The relationship 


holds that ; 






Va, _ Ki 




(9) 




Po 








The maximum A-C gain available from 


the amplifier is 


4X10® for 100/^ coarse 


■^ain control setting. 




If one desires to 


incorporate this 


amplifier in either 


Log 


P'”'or PER‘'‘*control loop^one mifht use 


as a conservative 


gain 


available figure. 


that corresponding to 50^ coarse gain 


control setting of ' 


■2X10®. A fixed >• 


ain amplifier will be 


desirable in Lor P and 


PER loops because 


the logarithmic 



characteristic provides compensation for increasing power 
level, as does the inverse period characteristic in an 
approximate manner. 



* Appendix I 
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Additional servo amplifier notes: 

The servo amplifier power supply furnishes, in addition 
to the polarizin'- voltages, two phases of a three phase sup:"ly. 
One phase is used for filament voltage (phase B) and the sec- 
ond phase is used to drive the synchronous converter, A 
phase sensitive detector (galvanometer) is supplied for deter- 
mining the phase of the output voltage as leadin' or lagging 
phase A. 



When in manual operation, the output of the servo ampli- 
fier is dumped into a dummy load external to the amplifier. 

In automatic operation the amplifier output is applied to 
the control winding of the Control Motor. 

One should point out that the amplifier as desiL'ned is 
adequate for its designed function of linear power set control. 
However, if one is to use this amplifier in other control 
loops additional problems arise and modifications become 
necessary. 

It was noted experimentally that the amplifier overloads 
gracefully only up to a certain point. Beyond this point, 
wave form distortion occurs and the output si nal is in error. 
It is important from a design standpoint to avoid operation 
in this region of distortion. However, it is necessary to 
operate the amplifier normally at saturation because of the 
high gain. 

The peak output voltage of the amplifier is 200 volts. 

The gain nominally may be as high as 2X10® v;hich means a 
saturation input signal to the converter is of the order of 
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_|^volt3 _ millivolt 



Thus, if possible, any modifications to the imput steps 
of this amplifier should be avoided because of the InJierent 
noise problems. However, an examination of the new Lov P 
control loop indicates a need for all of this 2X10^ pain. 

Purthertnore, because the amplifier as designed is a 
variable pain device, modifications will be necessary to 
provide fixed ain or at least nearly fixed pain for use in 
Lop P and P.dR control loops. 

In addition there is the requirement of providing for 
restoration to manual startup conditions in keeping with 
the design criterion of flexibility. 

B- SERVO CONTROL N.OTOR AND GEARING 

The control motor installed is a Transicoil type 2200 
specification nunber 11. It is a two phase induction motor. 
The reference phase is phase A of a 208 volt supply. In 
manual operation phase BC or CB is applied to the control 
winding. In automatic operation phase A is shifted 90 
degrees throu'h the synchronous cotjverter - amplifier 
circuitry and applied to the control winding of the motor, 
the resultant direction of shaft rotation depending on the 
phase of the voltage on the control winding with respect to 
the voltage on the reference winding. 

The control motor drives the regulatin; rod through a 
200 ;1 pear reduction and a rack and pinion arrangement. 

Speed torque curves for the motor are Iven in Ref. 15. 
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A maximvun RPM of 1600 corresponds to the maximum rod rate of 
0.5 cm/s«c. 

The transfer function (as given by Ref 15) for control 
motor and gearing' 



KG _ % 

(l-tT^sI 



( 10 ) 



wh e re Kj/, 



cm/ 3 e c/ VO 1 1 



max rod rate 
max voltage 



0.5 2.5X10-3 (11) 

200 



and 



Tj^l - l/50 sec 



- S5X10- 

(IWWs)) 



C-REGULATIKG ROD (FINE CONTROL ROD) 



( 12 ) 



The regulating rod contains about one pound of boron 
carbide in a stainless steel sleeve. Its total worth is 
about 0,57;^ reactivity, distributed roughly in cosinusoidal 
fashion over about 80 cm, of length. Maximum rod speed is 
0,5 cm/sec. 



Transfer function: 

t 

The transfer function is essentially frequency independ- 
ent in the frequency range of interest and is assumed con- 
stant in the analysis to follow. This latter approximation 
is valid to the extent that in most circumstances the rod 
will be used so that its maximimi region of worth is control- 
ling the reactor. This maximum worth occurs where the rod 
worth is nearly linear with length. 

The transfer function has been evaluated based upon 
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experimental data entitled Fine Control Rod Traverse , dated' 



4 / 13/54 (part of Ref 14). Reproduction of tiis curve is 
included as Figure 3. , 



In the linear region 



K._cTk - (0.4-0.3)$g K_0.1_ 0.0192^ K/cm 
c/x '(^^8-17.6jbm. * 5.2“ 



(13) 



or 



K 






, 0. 0192?^ -d K/cm - 2.25X10-^ // 
' 0.0855%^ k/^ 



(14) 



D. L-3 NUCL-BAR REACT03 

The Reactor Transfer Function (as given hy Ref. 17) 



is 



^ A- Hw/t ^ 1 

AH AeifL j^+crJ 



Figure 4 shows a possible block diagram representation 
of eqn (15). 

For convenience of reference, the symbols used in equa- 
tion 15 are listed below: (as they are defined in Ref. 16) 

" Y ~ effective total fraction of all 
neutrons which are delayed. 

~ - 1.15X10 sec. This number was obtained ex- 

porimentally by a measurement 
of the reactor transfer func- 
tion. A detailed description 
of the measurement and results 
obtained comprises Appendix II 



the "effective” neutron generation time in the 
reactor 



L ' neutron lifetime 

(X ^ - the fraction of all delayed neutrons v./hich belong 
to the ith delayed group. 
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in units 



ith neutron group decay constant 
^ the temperature coefficient 
of dollars 




of reactivity 



-2,6X10"^ per degree centigrade 



k the adiabatic rate of increase of the space average 
temperature per unit total fission rate (or power) 
for the reactor. 



,k - 



cf 



0.01428° C/KW-sec 

the reciprocal of the characteristic mean time for 

loss of heat from the core, such th&t If a the rate 

of decrease of T (t)-( 1 sec”^). 

100 

the increase in reactivity of the reactor due to a 
unit increase in radlolytic gas volume (STP), that is, 
the void coefficient of reactivity in absolute units 
-7X10-6 cm-S at STP 






-if- 



G - 



(T'- 



cr~- 



feff 

the adiabatic rate of increa 
at STP of radlolytic gas in 
fission rate (or power) for 
G = 4.16 cm^^ at STP 
the reciprocal of the charac 
radlolytic gas from the core 
the total rate of loss of ga 
0.5 sec“l at STP 
The Neutronic Data used are 



se of the total volume 
solution per unit total 
the reactor. G=4.16 

teristic time for loss of 
, such that V(t) gives 
s from the soup. 

those given by Ref. 18 
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and is listed below for convenience of reference. 



i 8j_/ a 

1 0.058^0.003 

2 0.213j^p.005 

3 0.188+0.016 

4. 0.407+0.007 

5 0.128+0.008 



TABLE I 

A 1 

0.0127+0.0002 
0.03l7;f 0.0008 
0.115+0.003 
0.311+0.008 
1.40+'0.081 



An asymptotic Form of L-3 Transfer function for the 
frequency ran ,e 0.01 to 1000 rad/sec may be considered. 



The following equations were developed from a consider- 
ation of Figure 1 of Ref. 17 and are used in the loop stabil- 
ity analyses to follow. 



In the frequency range of Interest j 

(T P ^ /r -^1^] 
cTK ^ 

- A " 0.0829 rad/sec 



U/f 






0.00855 

1.15X10 



rad/ 



sec 



(16) 



(17) 



K - 1 

11.85 



(18) 



K was obtained by a trial and error technique from 
Figure 1 of Ref 17, as follows: 



( 19 ) 
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I 

I 
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I 




(71.1 corresponds to the g-eneralized 1 used in the 

T* 

analysis in Ref. 17) 



lot 0(/ - 10 



120K 

10 ( 1 . 01 ) 



- 1 



K - 1 



11.85 



let ojs 100, K - 1 



11.35 



If one chang'ss to 

/P _ Pq /11.85 (1 -f- Cl/.Q329JJ(^^) 

(fK j^('l-fLl/74.3 JjM/j 

to allow for the experimental value the expression for 

K is still valid. Equation 20 is an asymptotic expression 
for the water toiler transfer function in the frequency ran^ e 
of interest. 

E - COMPEKSATED IONIZATION CHAlvlBSR ^1 (SERVAI^IP CIO) 

Ref. 15 lists the transfer function as 

Kj = 5X10“® amp/watt 

F COKPENOATED IONIZATION CHAJ/iiNER #2 (Log n CIO) 

The transfer function of this „nit is not necessary for 
the loop analysis. This ionization chamber is located 
further from the reactor core than is chamber ^1> However, 
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for flexibility of programming of the computer it may be 
assumed to have the same transfer function as CIC #1. 

G THE LOG N AI^'PLIFIER 

This unit has not been used in a control loop and the 
transfer fvmctlona from the input to the various outputs had 
to be determined experimentally. The RCL log N araplifier 
installed in the Water Boiler Control Console provides both 
LOG P and PERIOD signals to microammeters and strip chart re 
corders. It also provides a LOG P signal for use in driving 
a period amplifier. The problem is to adapt this unit for 
use in PERIOD and LOG P control loops. 

Figure 5 shov/s the various outputs of the Log N ampli- 
fier. These outputs will be identified by connector (CN) 
num.ber. The CN numbers used correspond to those shown in 
Radiation Counter Laboratory Drawing No, 20103-1 Log N Ampli 
fier and in UCRL B erkeley Drawing No, 2PL1014A Pile Power 
and Period Meter Sch ematic . 

Of the outputs shown in Figure 5, CN 8 was already in 
use in the period scram circuit and CN 11 was already being 
used vifith a power recorder, 

1 LOG P CHANNEL 

The time dependent part5of the transfer function to CN 
10 and CN Hare the same. 

The transfer function may be derived from an expression 
for the output voltage of a Log N Amplifier in terms of re- 
actor pov;er, as given in Ref, 4. In terms of CIC output 
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expression is: 



current 1, .stead of reacto '• power tills 

wliere I is the Input current at CM 4 

Iq is the extrapolated value of I at Vp=^ C, 

\fp-t ^ ^ y /"/w 

' _/m ^ 

JZ Z 



( 22 ) 



(23) 



(24) 



For determination of the frequency dependent part of 
the transfer function the equipment arrangement shown in 
Fiyin^e 6 v/as used (or sllyht modifications the'^eto for dlff- 
'’rent scale factors involved at different outputs), 

Flsures 7 and 10 shov; unit step inputs and correspondln 



outputs at CN 12 and CM 10. 

H-j^J ~ ^ 



I -tZ ( j'/j) 



t. 









^ ^71 )l 2JZ 



tA 






where t^ = rise time 



= 2 Qif i y 

y fij (. /Ati 7> M/' 

'• •< 



// zz 

TTfr 



1 



rad/sec 



(25) 

( 26 ) 

(27) 

(28) 
(29) 



A measurement was also performed to determine the yaln 
from CM 4 to CN 12 of the log N amplifier over the range of 
current input levels to which the amplifier is sensitive. 
The arrangement of equipment is shown in Figure 8, 
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Figure 9 is a plot of the results. 

Table II is the data sheet upon which Figure 8 is based. 

The equation for the straight line approximation to the 
measured data shown in Pifuire 8, 

y -= mx -f b, X — y - b (30) 

m 

(31) ' 

(32) 

(33) 

Thus the transfer function is: 

_ 1 1 _ Kn 

</l “ 35T (1-^1/34.5JJ«7) I(UT^S) (33) 

Figure 11 shows the effect of impedance changes at CK 10, 
2. PTijRIOD CHANKSL 

ON 8 and ON 9 are output connectors where a current or 
voltage proportional to the reactor period is available for 
use in a control loop. As indicated in Figure 12 the signal 
obtained at ON 8 or CN 9 is a function of any coupling imped- 
ance attached to these connectors. To reduce the effect of 
loading to a minimum, a high imput impedance ( 30, 000-<l^ Brown 
Amplifier - balance motor - retransmitting potentiometer 



In terms of the units of figure 8 

V _ log I - log Iq 
32 



lo - 2 X 10-10 ainp 



V — 1 log I 



Therefore, frora equation (24), 
(fv - \ H(J<a;) 

^ 32T 
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will be used to couple the reactor period information to the 
period control loop. The frequency response of the amplifier- 
balance motor combination is considerably wider than that 
necessary for correct operation of the period control loop 
and therefore the amplifier-balance motor transfer function 
may be treated as essentially Independent of frequency in the 
frequency ran^^e of Interest. Moreover, the gain constant 
for the composite period detector may be set within limits 
by choice of retransmitting potentiometer output voltage. 

In this composite period detector, then, the function 
of the log N amplifier is as follows: 

t The log diode performs the operation. 



The 

cation, 

. 1 _ - b U.. 

Tiio 



V = k log I 
lo 

voltage thus obtained, after suitable amplifl- 
Is subject to differentiation by an fiC network. 
3 ^ blccic i'ep.'-eoontation . 

transfer function for the first block has been 



T - 

« -K 



shown to be of the form. 



KGi ^ ki _ ^ 

I It^T^S 



(57) 



The transfer function for the second block is approxi- 
mately that of a black beat providing simple differentiation 
with a time delay, 

KGg _ kg 3 {38)- 

Taking these blocks in cascade, the overall transfer 

function is: KG — ^3-5 

ITTff^sTTi+TpS) 
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( 39 ) 
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Figure is 
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Before evaluating the gain constant for the composite de- 
tector, first consider the ideal case of no time delays in 
the Lo^ K amplifier, 
itecall that 



Vp(t) = kA log I (t) 

lo 

and that 

T- F - I - 
dp/dt ~ dl/dt 



where T REACTOR PERIOD 



since 



( 40 ) 

( 41 ) 



Vt 



D 




( 42 ) 



then 




dl/dt - k 

T 



( 43 ) 



that is, the output voltage of the differentiator in the ideal 
case is inversely proportional to the reactor period. 

Since the gain of the coupling network is a constant, 
it follows that the output voltage of the composite period 
detector is proportional to the inverse reactor period. 

The effect of the exponential time delays in the log N, 
therefore, is to degrade the period measurement so that the 
output voltage of the composite period detector is propor- 
tional to an indicated inverse reactor period, v/hlch approxi- 
mates the true reactor period. 

Based upon linear analysis considerations of loop gain 
and speed of response, the output volta-e was taken to be 
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0,05 volts ,to correspond to a 30 second reactor period. 



Thus equation (39) may be written 



KG - output 
input 



,05 volts 
I 



ks 



( 44 ) 



ITi 



/ 

# 4 



0.05- k 



' T^Ts) 



(45) 



where Ti (S) - 30 sec = indicated reactor period. 



/ 0 



k = 1.5 



KG ^ 1.5S 



i(i+TpS) iifys) 



(46) 



Alternatively, if we consider I - I (t,T), by partial 
differentiation we may establish the ,-ain constant is a func- 



The minus sign is removed by the choice of an odd number 
of stages of amplification in the log K, and the gain of the 
transfer function is again seen to be inversely related to 
the reactor period. 

Thus it is evident that automatic period control may 
provide an additional safety feature. By proper choice of 
the maximum period demand voltage which may be programmed, 
the designer restricts the shortest period v/hich may be 
demanded of the reactor. This design consideration is dis- 
cussed further in Appendix IV. It is noted here that this 
prevents the operator from inadvertently positioning the 
fine rod so as to demand too short a period. 



tlon of T. 
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In evaluating the freque. cy dependent part of the trans 
fer function an arranje.^ent of equipment similar to t’nat 
s’-^ovm in Fijure 6 v;as used. Fipure 11 shom’s the response 
of the Loj K A.np, at CN 8 to a step input at CN 4, 

From the fo^m of eon. (^A), it is evident that ti-:o tl '.e 
consta ts need to be determined. These time constants v;e':^e 
dete nined from Flpure 14, 

Fijure 15 is a sketch of the summation of exponentials 
contributing to t’le response. 

Analytically, this represents a sam of the fo^m, 

]/ - ki e ^ (48) 

where the Kj_ are of equal magnitude but of opposite sign, 
and Tp are the times required for these factors to 
resch 37)^ of t'leir final value. 

From Figure 11; 

Intercept of (t = O) is 7.3 cm 
7.3 X.37 = 2.83 

(45mra) = ,9 seconds 
Tp (2;am) ,04 secoxids 

From vfilch 




Sever"! ""esign decisions ha.ve to 'e ’.ade befo'::’e the 
system synt’-ioois can proceed. Listed belov/ a -e several 
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alternatives considered with reasons pro and con or design 
considerations listed, 

POSSIBLE MODES OP CONTROL 
Control of Coarse Hod and Pine Rod 

1, Relatively large amounts of reactivity available for 
control. 

2, Involves extensive modification of coarse rod control 
system for full automation of coarse rod, 

3, System nomally used in control by human operator. 

Control of Pine Rod Only 

1. Less reactivity available than with coarse and Pine 
Rod control. 

2. Servo Control Motor and Amplifier are already in- 
stalled, the amplifier will have to be modified. 

3. Insufficient reactivity available to control loop 
to make reactor prompt critical. 

Control bj other means such as control using temperature co- 
efficient of reactivity. 

1. Extensive Preliminary Research is involved. 

2. Extensive changes in present equipment may need to 
be made. 

3. Several safety considerations are unknown. 

4. All design objectives could not be met, 

SELECTED MODE OP CONTROL 

Find Rod Control wae chosen. However, a modified form 
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of Coarse Rod - Pine Rod Control was experimentally evaluated. 

In imitation of the human operator, it was decided that 
after the coarse rod had been withdrawn to a fixed position 
by the operator, the fine rod should be automatically with- 
drawn until a predetermined count rate was achieved, at which 
time the rod would be stopped and the reactor allowed to rise 
in power until sufficient information became available for 
period control. 

This method has the advantage of long term temperature 
feedback, in that the predetermined count will not be achieved 
until a certain excess reactivity exists in the reactor if 
the fine rod is withdrawn at a constant rate. 

For example, the reactor may be started up with an init- 
ial core temperature of 49op or if the building temperature 
is higher, the initial core temperature at startup may be 55°P. 
In the latter case it is necessary to withdraw more of the 
fine control rod in order to achieve the supercritical condi- 
tion than in the former case. 

Essentially, this tn^thod provides control of power level 
at which the rod is stopped. The optimum control would be 
continuous control of rate of rise of power level, but instru- 
mentation is not available in the source ran'e to provide this 
information. 

This method is referred to a INITIAL ROD DRIVE in this 
paper. 

A third method would be pro ramminy the initial rod 
motion by means of a computer control device as is done 
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with Tory II. TTriis requires instrumentation not ret-dily avail- 
able , however. 

In the period ran; e it was decided to use period control 
or automatic Lop P control in order to evaluate these modes 
of control. 

In the power range both Log P and Lin P control was de- 
signed into the system in order to meet desi/n requirements. 

Lin P control is a proven control method. Lor P control waa 
Incorporated to assist in Tory II Design Philosophy evalua- 
tion. 

A multimode controler aspect was Included to allow auto- 
matic switching from one mode of control to another. 

FEATURES OF THE MULTIMODE CONTROLLER; 

The multimode controller required the desi^’n of new 
circuitry in order to effect switch-over from one control 
loop to another at the times desired. 

To allow for the demanding of any power level, it was 
decided to switch from one control loop to another using Log 
P Error information. This infomnation is available over the 
power range and most of the period range. 

A device to effect this switch-over was oesirned using 
transistor circi;itry. However, in order to allow more flex- 
ibility this device was abarldoned in favor of another cir- 
cuit desig'ned around Symplytrol'^ Relays. Nevertheless, it 
is felt that the transistor circuit is potentially a useful 
one in reactor control. 

* Trademark Assembly Products Corp 
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Among the features incorporated in the multimode con- 
troller is a selector switch whereby prior to startup, the 
operator may select the control loops he desires to use in 
startup. 

If startup is to be from source level the startup 
sequence may be Initial Hod Drive-Initial Rod Drive Stop- 
Period Control-Lin P Control, or Initial Rod Drive- Initial 
Rod Drive Stop-Period Control-Log P Control. 

If the reactor is operating at some power level P]_ and 
it is desired to increase piower to P2 where P2 is greater 
than P]_, the modes of control available are Period Control ~ 
Lin P Control or Period Control— Log P Control. Such is the 
case on restarts from the period range. 

If the reactor is operating at some power level P-j^ and 
it is desired to decrease power to where P2 is less than 
Pi the modes of control available are Lor P, 01; Lin P to Log 
P to Lin P. 

For power changes on periods faster than 50 seconds there 
is provision for a ’’period run up" just prior to reaching the 
demanded power level to prevent overshoot in power level. 

The power level, at which period is increased, is adjustable 
as is the new demand period. 

The major controlling signal in switch-over points is 
the Log P error signal. By controlling the switch-over point 
from Per to Lin P or Per to Log P on the Lo P error signal 
and switching at vary sli^’htly above demanded power (LIN P), 
the initial motion of the control rod v;ill always be inward. 
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This is similar to the procedure used by the operator wl en 
switchinf from manual to automatic control usin£ the linear 
power set. 

Control may be taken av.ay from the automatic controller 
at any time by the operator throwinp the auto-rnanual sv^itch 
on the Reactor Control console to manual. 

Ca.PARATOR AKD tiTER- ’SLAY CIRCUITS 

The basic comparator circuit is that of a simple null 
type phase sensitive detector modified to meet the needs of 
the control loop in which it is installed. It is shown in 
Figure 16. 

As pointed out in Ref 19, the relation 

% _ (51) 

should be rriaintalned for best performance and accuracy 
unless R^ and Rb ^ ^2 • Symbols refer to Figure 18. 

The null type detector shown in Fig. 16 was Chosen be- 
cause of its common terminal feature and because it is 
phase sensitive. 

A - P’ERIOD CHAia.EL COMPARATOR 

Some factors considered in the design of the period 
channel error detector are; 

1. Type of Potentiometer available for mounting on 
the Brown Recorder Mechanism, 

2. Power supplies available. 
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a. Positive and Ile'^.ative Supplies 

b. Power Output 

c. Voltage Output 

d. Voltage Regulation 

5, Servo Amplifier Requirements. 

a. Optimum source impedance 

b. Range of error voltage 

4. Possible shielding requirements for handling low 
level signals in high impedance circuits. 

5. Error Detector Requirements, 

a. Optimum Rp to Rg ratio 

b. Power handling ability 

c. Precision of components needed 

d. Mechanical design features 

6. Loop Transfer Functions. 

a. Effect of detector gain on system stability 
and response speed. 

7. Effect of Multimode Controller 

(See Figure 17) 

8. Period Runup 

This is accomplished by shunting the Demand Period 
Potentiometer by a resistance at the appropriate time in the 
startup sequence. This is designed to give the same runup 
period for various Per Demands, 

E LOG P CHAKhEL COMPARATOR AKD METER RELAYS 

Many of the factors considered above were also necessary 



considerations here. 
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In addition the design of multimode controller units 
and their effect on the error detector had to be considered 
here. The detector is shown in Figure 18, (Figure 18 is 
the schematic for the experimental control sjT-stem,) 

Meter shunting diodes v/ere used to allow the use of a 
sensitive meter for small error signals and to allow relative- 
ly large currents to pass through the diode shunts. 

Blocking series diodes were used to protect the meters 
against signals of the phase opposite to that for which the 
meter was designed to indicate. Suppressed zero meters had 
been considered but were not satisfactory* for this applica- 
tion. 

Type tN-205 diodes were chosen on the basis of a very 
hi£;h front to back ratio, current handling capability, peak 
inverse voltage requirements, and availability. 

Resistors were chosen consistent with the components 
already chosen and external reaulrements on the error detect- 
or. 

Versatrol relay data is tabulated in Table III. 

The log P error detector shown in Figure 18 was designed 
allowing for a maximum 10:1 decrease in si -nal level. The 
actual attenuation achieved may be computed approximately 
from the equivalent ckt. shown in Figure 19, 

INITIAL ROD DRIVE CHANNEL ERROR GENERATOR & METER RELAY CIRCUIT 
The initial rod drive error signal source is merely a 
modification of the basic null type detector. 

The GRh'! meter relay circuit is a slightly modified ver- 
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3ion of a meter circuit specified by the CBl instruction man- 
ual for the use of an external meter v/Ith the Again, 

the shunting diode allows use of a more sensitive meter, 

D LOG N MhJTER RELAY CIRCUIT 

The log N meter relay circuit is patterned on the CRt.v 
detector with the change that a lN-34 diode is used instead 
of a lN-205, The less-severely-non-linear characteristic, 
and higher current handling ability of the lN-34 provides 
better protection for the meter which is operated offset 
below 0 dial divisions part of the time. 

The "Meter Load Relay” circuit shown in Figure 20 was 
designed by Mr, Bob Marshall of Llverrriore Radiation Lab as 
a substitute for similar Versatrol units which were not 
immediately available. 

Many of the design considerations entering into the de- 
sign of the Power Relay Circuitry shown in Figure 18 are men- 
tioned in the description of relay operation which follows. 

MULTIMODE CONTROL - OPERATOR PROCEDURE AND RELAY SEQUENCES 
A ID-PER-LIN P SEQUENCE (Cold Startup) 

The operator turns on DC power, then AC power, and sel- 
ects Lin only on the Mode selector switch. He then checks 
that all sensitrol relays are reset. I»f necessary, he resets 

the relays hy pushing the appropriate reset button. 

It is assumed that all reactor console checks have been 
completed and that the initial rod rate demanded period and 
demanded power levels have been set on the Auto Controller and 
Servo Amplifier and corresponding limiit contacts have been set 
(With repeated operation, these controls may be left set at 
the normally used positions). 

The operator manually withdraws the safety rods and 
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coarse control rod. (Appendix III Discusses as yet untested 
circuitry to automatically accomplish this function). He 
then turns the Auto Manual Switch on the Reactor Control 
Console to Auto. 

Turning on the AC power causes the following events: 

1. Turns on AC "power oh" light (white) 

2. Energizes relay 12. Relay 12 is a fail-safe 
feature. If relay 12 is deenergized a net error voltage 
is applied to the servo amp which causes the fine control 
rod to move all the way in. 

3. Energizes relay 3. This relay action connects the 
initial rod drive channel to the servo amplifier. This is 
a fail-safe feature in that positive' action is required to 
allow fixed error drive of the fine rod. 

4. Energizes relay 7. This allows the period channel 
to be used later. This is a fail-safe feature in that posi- 
tive action is required to allow period control. 

5. Turns on Initial Rod Drive Light (Red) in conjunc- 
tion with action of relay 7, This light indicates present 
mode of control. 

Switching to Automatic initiates the following sequence; 

Connected the output of the servo amplifier to the servo 
control motor which allowed the fixed error signal from the 
initial rod drive channel to start moving the fine rod out. 

A signal from the Fission Chamber Channel causes Symply- 
trol relay RE 11 to make contact with the upper limit set. 
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This actuat33 Load Relay RE llA which actuates RE 4, and turns 
on Initial Rod Drive Stop Lieht (LT 5 Red), 

Relay 4 opens the Initial Rod Drive Channel and applies 
a short circuit-ground across the input to the Sorvamp causing 
the fine rod to stop, 

A signal from the Log N amplifier (CN 8) causes Symply- 
trol relay fE 10 to make contact with the upper limit set. 

Tliis actuates load relay RE lOA which turns on PER Control 
Light (LT 4 Red), and also actuates RE 2. 

Relay 2 deenergizes relay 3 and relay 4 and turns off 
LT 3 and LT 2. By deenergizing relays 3 and 4, relay 2 
connected the PER Channel to the Serv Amp. 

The fine rod is moved hy the error signal so that the 
reactor period is adjusted to the demanded period. 

If the period run-up feature is being used, when the 
Log P error signal reaches a pro-set level_, Symplytrol relay 
RE 1 makes the lower limit contact which actuates RE lA 
which shunts across the Period Demand pot a resistanccj thus 
increasing the demanded period. The reactor adjusts to the 
new demanded period. The amount of resistance in the shunt 
is controlled by a screw driver adjustment on the rear of 
the Auto-Controller chassis. 

When the reactor power level is very slightly above the 
demanded power, Symplytrol relay RE 5 makes the lower limit 
contact. RE 5 energizes RE 5A which energizes RE 6 and 
deenergizes RE 7. 

Deenergizing relay 7 disconnects the Per Channel from 
the Serv Amp and Connects the Log P error channel to the 
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Serv Amp. It also turns off Lt 4. 

HE 6 turns on Lin P control li™ht 6 and disconnects the 
Lof P Channel from the Serv Amp and connects the Lin P Channel 
to the Serv Amp. HE 6 also disconnects the semi-fixed gain 
section of the Serv Amp. 

The fine rod moves so as to level off the reactor at the 
demand power Level. 

In this mode of control, RE 8 acts as a safety fea.ture. 

If the log P error chan:’es sign and increases Symplytrol’^IE 8 
upper limit contact makes. This energizes RE 8A which ener- 
gizes RE 9 which deenergizes RE 7, putting the reactor on Log 
P control. In this case RE 9 also turns on Log P control light 
5 (yellow). This action of RE 8 is solely a back atop type 
of action and does not occur in normal operation of the Per - 
Lin P Control Mode. 

B ID-PER-LOG P SEQUENCE (Cold Startup) 

The operator turn on DC power, then AC power and selects 
Log only on the Mode Selector Switch. He then proceeds as in 
a Per - Lin P startup. 

Relay and Light Sequence is the same up to the point 
where Symplytrol Relay RE 5 makes the low limit contact. 

This energizes relay 5 A which now has no effect. 

The log P error signal reduces to zero and changes 
sign as the reactor power level becomes very slljhtly above 
thatv demanded by the LO(. P Demand Setting. This action 
makes Symplytrol relay RE 8 upper contact which energizes 
relay 8A which energizes relay 9, 
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Relay 9 deenergizes relay 7 which connects the Log P 
error signal to the Servo Amplifier, with the error of such 
polarity as to cause the fine control rod to always initially 
move inward. Relay 9 also turns on Lt 5 which indicates 
Log P Control. 

C - RESTARTS 

1. Any restart from the source range is the same as a 
cold start in so far as the automatic control system is con- 
cerned . 

2. A restart from the lower part of counter range auto- 
matically, requires that RE 11 upper limit contact be reset 

3 scale divisions above the count rate level Indicated at 
the time of Restart. This Figure of 3 scale divisions was 
experimentally detennlned and is subject to correction as 

i 

the result of additional experimental evaluations. 

3, A restart from the upper part of the counter range 
may be accomplished in theory by resetting the ranjre sv/ltch 
on the controlling CRM and proceeding as if on the lower 
part of the counter range. However, in practice, it has been 
found safer to not restart from the upper part of the counter 
range and to remove the range switch from the controlling CR^^ 
because of the possibility of operator error in setting the 
switch on too high a range for an initial start-up. 

4, A restart from the period range, the most usual 
case, is achieved by merely not resetting relay 10 prior to 
placing the system in automatic control. 

In any restart, the relay sequence will be the same as 
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from a cold start with the one difference that some part of 
the relay sequence will have been effectively completed prior 
to restart. 

D - P07/ER LEVEL RUNDCITU 

If the reactor is operating at some power level In Lin P 
control, the operator may select the Lin - Lor mode of opera- 
tion and reduce power over several decades using Log P control. 

Prior to selecting Lin Log control, the operator sets the 
Log P Demand Pot at the new demanded power level. 

V/hen the operator switches to the Lin Log mode of opera- 
tion, relay 8 upper limit contact makes, provided the new 
power level is significantly less than the original power 
level. (If it is not, the reactor remains on Lin P control 
which is adequate for small power decreases.) Relay 8 energ- 
izes relay 8A which energizes relay 9 which turns on Lt 5 and 
simultaneously relieves relay 5A of the burden of maintain- 
ing relay 7 deenergized. Relay 9 also deenergizes relay 6 
and turns off light 6, thus putting the reactor in log P 
control. 

I 

An additional feature, yet to be tested experimentally, 
provides automatic reset action of RE 8 when in Lin Log con- 
trol mode. This will allow the reactor to be brourht to a 
lower power level on Log P control and ai tomatically placed 
on Lin P control when at the lower power level. It is nec- 
essary to reset the Lin P demand pot to the new power level 
in the Interval that the reactor is reducing power on Log P 
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control, or at the expense of additional complexity in design, 
a second linear P Demand Potentiometer could have been added 
to allow the operator to make all settings before initiating 
the sequence. Either scheme requires a Versatrol automatic 
reset feature and an additional sections on the Mode Selector 
switch to provide for use of this auto reset in the Lin Lop 
mode only. 

If the Lop mode of control has been selected, the power 
level may be reduced to any new power level by merely reset- 
ting lop P Demand Pot. Since Lin P control ohly functions in 
the ranee 1 V/ to 500 Watts, the Lop P mode of control has 
found application in the range .02 W to 1 W where it has exper- 
imentally shown satisfactory control characteristics as well 
as in the range 1 W to 500 W. 

CONTROL., LOOP ANALYSIS: 

A. INITIAL ROD DRIVE-STOP CHANNEL 

This control loop contains a non-linear element, the 
relay. The feedback channel is not used in the ordinary sense 
as part of a continuous or sampled data closed loop. The 
feedback loop merely serves to switch once in the startup 
sequence from one forward control loop (the initial rod drive 
channel) to another, the initial rod drive-stop channel. 
Nevertheless, the block diagram shown in Figure 21 does illus- 
trate the advantage of feeding back a count rate instead of 
control rod position; l.e., the amount of negative reactivity 
which must be removed to make the water boiler supercritical 
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is quite dependent on core temperature at the time of startup. 

The instrmentation from fission chamber to CRM is a stand- 
ard UCRL arrangement. 

The fission chamber was located in a port underneath the 
the reactor. 

B. LINEAR P. CONTROL LOOP 

The linear P control loop has been in use since the reactor 
was built. This loop was designed by North American Aviation 
Company to control power output of the reactor only after the 
reactor had been manually brought to the desired power level. 

As pointed out in Ref, 15, it does not operate well when used 
for a change in power level of the reactor, because in the sta- 
bilizing process, the high gain servo amplifier originally 
caused to saturate in one direction by a manual change in 
Power Set, goes into saturation in the reverse direction. 

The servo amplifier gain varies from less than 10^ to 
2 X 10®, depending on the setting of the Power Set. The 
purpose of this variable gain is to compensate for the differ- 
ent reactor gains at different power levels, and, thereby, 
provide a constant open loop gain for power levels from 2 W 
to 2000 Watts. The inverse P shaped gain characteristic of 
the amplifier was obtained by a combination of switching 
resistors across which the ionization chamber output voltage 
was developed, and by the use of a loaded gain compensating 
potentiometer in the grid circuit of th-e third stage of the 
amplifier. Reference 16 discusses this design. In Figure 22, 
the control loop is shown in block diagram form. 
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A linear analysis of this loop based upon transfer 



functions listed in ths section on control units follov/s; 
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20 Lop K =: -20 lop 1/.884 =-1.08 db (55) 

The Bode diagram for this open loop transfer function is 
Figure 23. 

From Figure 23 

phase margin is 66° at«^= 10,5 rad/sec 
gain margin is 16 db at«/- 34 rad/sec 
C LOG P COKTROL LOOP 

The Lo.‘ P Control Loop has ’"een synthesized as part of 
the multi-decade automatic control system. In its design it 
has been necessary to modify the servo amplifier so that it 
will exhibit a fixed gain characteristic. (In the initial 
test design, a slight variation of serv amp gain was allowed). 
This is necessary because logarthmic characteristic of the 
Log N Amplifier from CK 4 to CN 12 compensates for increasing 
reactor power levels with the result that the loop :ain is 
maintained constant. 

Figure 24 is a 'block diagram representation of this 
control loop. 
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A linear analysis of this loop based upon transfer func- 
tions listed in the section on control units follows; 
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(58) 



20 lof K - -40-/- 20 log 4.85 r: -25.28 db (59) 

From Figure 25 

phase margin is 80® at 1.1 rad/sec 
gain margin is 28 db at^- 22 rad/sec_ 

The kinetic characteristics of the loop are adequate, 
but could be improved by a combination of an increase in gain 
and phase lead compensation. Ho^vever, to achieve an increase 
in gain an additional d-c amplifier would be required. 

D INVERSE PERIOD CONTROL LOOP 

Like the Log P Control Loop, the Inverse Period Control 

;r V 
‘ ^ 

Loop has teen synthesized as part of the iiiultidecade automatic 
control system. The servo amplifier configuration used with 
the Log P Control Loop is also used with the Inverse Period 
Control Loop, although, the compensation afforded by the Period 
Output of the Log N Amplifier is only approximate as the power 
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level of the reactor increases. 



Figure 26 Is a Mock diagram representation of this 
control loop. 

A linear analysis of this loop tased upon transfer func- 
tions listed in the section or control T.nlts follov;s: 
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Considering performance on a 30 second period. 
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(The pain computation is performed at 0.05 watts, although, 
it could have been performed at any power level with the same 
result . ) 

(A transfer function term is included for the CIC. This is 
convenient but not necessary. J 
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(52) 



20 lor K - 20 log 1.44^3.16 db (63) 

The Bode diagram for this open loop transfer function 
is Figure 27. 

An inspection of Figure 27 indicates stability is only 
a little better than rnarginal in this loop. However, the 
analog computer study brought out the fact that the Icop is 
stable even with hi;'her gain in the composite period detector. 
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Fortunately, excess gain is readily available in this loop and 
the loop gain may be readily adjusted to optimum. In opera- 
tion of the circuit with the reactor, operation at marginal 
stability was obtained with 0,4 volts corresponding to a 
30 second period. However, the OLTP with this new n-aln constant 
is not precisely knov/n because of the deviation of servo amp- 
lifier gain from the theoretical value and because of non-linear 
operation. 



MECHANICAL DESIGN OF THE CONTROL SYSTEM 



A - CONTROL CHASSIS: 

A requirement was imposed on the size of the front 
panel by the available mounting space in the control con- 
sole. Panel #1 (Ref 13) of the console was not already in 
use and provided an adequate location from which the status 
lights on the chassis would be visible 'to the operator. 

Because of grounding considerations, it is also desirable 
that the front panel be insulated from the remainder of the 
control chassis. 

Figures 28, 29, and 30 show' views of the control chassis, 
Tliere is an error in Figure 29. Potentiometer labelled serv 
a np rain 250K should read Period Run-Up 100 K. 

Human engineerin|r aspects were considered. The array 
of meters at first seems confusing, however, they do provide 
a ready indication of the statusgof the startup operation. 

The meter readings of themselves are not significant, however, 
the dial divisions provide convenient calibration points. 
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VShat is important is that a lance at the meters and the 
relative position of the meter movement arm and limit contacts 
will tell the operator the status of the startup operation, 
and five Indications as to whether or not the control chassis 
is functioning properly. The status livhts five the operator 
a fast indication of the status of the control sequence during 
startup. These lights operate sequentially and can be a red- 
yellow-green sequence to indicate progress of the startup. 

Reset buttons are provided for repro,- ramming a new start- 
up. Helipots allow accurate setting of necessary imput quanti- 
ties. A three position switch is provided to select control 
mode sequence. 

Various types of connectors are used at the rear of the 
chassis where all external connections to the control chassis 
are made. 

Convenient points for checkinr pov;er supply reference 
voltages are provided on the rear of the chassis. - 

This original chassis was constructed primarily as an 
experimental device and, therei'ore, greater flexibility was 
built into the operating controls than wojld otherwise be 
required . 

B - OTHER SYSTEM COi-iPONEh’TS : 

The CM was mounted beneath the scaler presently Installed 
in the control console (lower ri ht land panel). (Kef 13) 

The linear amplifier, blocking oscillator and fission chamber 
preamplifier were located in a rack near the reactor stringer 
doors . 
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The Period Channel Brown Amplifier was mounted on top 
of the control console. By usin- the availahle recorder 
mechanism, the period indication can he displayed more accur- 
ately than the Lour N period meter readin;: because of the ej;- 
panded scale of the period recorder. 

Al'ALOG SIMULATION 

Berkeley 1031 and 1032 analog computers were used in the 
design process for the purposes of checking loop gain, con- 
trol mode switching, and for debugging the hardware developed 
prior to using it to control the watsr’i oiler. The programming 
and setting up of the computers was done by Mr. Stanley Ross 
of UCRL. A discussion and interpretation of the results 
follows: 

The setup used for evaluating and debugging the hardware 
included both the 1032 and 1031 analog computers because of 
the large nimiber of operational amplifiers required. A 6 
channel recorder was used to show graphically the behavior of 
problem variables. The new control chassis was used as an inte- 
gral part of the simulated system. 

Figure 31 shows e typical startup sequence indicated at 

the bottom of the Figure as ID - Per - Lin P (40 sec per) 

■» 

to show that the sequence of events was initial rod drive 
followed by period loop control (where the demanded period 
was 40 seconds) followed by Linear P Loop Control. Because 
of Computer limitations the startup ran-' e was compressed to 
the region 5 watts to 500 watts. As shown on the Fig ure, Pen ^1 
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records P/lO(l/lO reactor power level) Pen ^2, CR Position 
(control rod position) Pen j^'5 records lOOO/T ( lOOO/Period ) , 

Pen #4 Lo” P, Pen (not used) Pen #6 10 E (10 System Error). 

At time 1 (refer Pen 2 trace) the automatic control svstem v/as 

.f 

K 

turned on. This is a slmiiratsd start from source level. At 
time 2 , the initial rod drive was stopped (manually by the com- 
puter operator since this switching could not '■ e simulated by 
the computer. ) At time 3, the system was placed in period 
control by the computer operator (this switching could not be 
simulated by the computer). Even though the computer operator 
had to serve as pact of the control loop, nevertheless* this 
evaluation was quite useful as a check, of the operation of 
the control chassis in response to these signals. 

, Once the system had been placed in period control, then 
the rest of the simulation was done by the computer exclusively. 

Figure 32 shows a similar sequence but with Los; P control 
substituted for Lin P control, with the switchin"- from Per to 
Log P after the Log P error reversed sign. FiguP© 33 shows 
a sequence wherein the switching from Per to Log P occurs before 
the Lo!^ P error reversed sign. Note that in this case at 
time 4 the motion of the control rod is first out then in, 
with a correspc nding decrease in period, followed by the 
increased period. 

In Figure 34 is shown the effect of demanding a rela- 
tively fast period (15 sec.). It should be noted that, 
because of the feature whereby control is switched from Per 
to Lin P after the Lin P error signal reverses sign, there 
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is no overshoot in period at this switchpolnt no matter how 
fast a period is demanded. The oversl'.cot in power (20^), 
while safe, is, nevertheless, excessive. Moreover, the amount 
of overshoot has leen shown to be sensitive to the settin' 
of the switch point. This defect has been largely overcome 
by 1 n corpora tin." a Period Run-Up feature discussed elsewhere 
in this paper. 

In Pi ure 35 is shov/n a programmed reduction in 'ower 
level using the Lin-Log control mode. 

Figure 36 illustrates a fail-sai'e feature of the control 
chassis. At time 4 the 115 V AC supplying the control chassis 
was turned off in order to si ulate an accidental loss of a-c 
power. Immediately, a large error si.-'nal of the correct 
polarity and ma nitude to cause complete insertion of the fine 
rod at maximr-in speed was introduced Into the control loop. 

By deal- n this will occur regardless of which control loop 
happened to be controlling the reactor at the time of a loss 
of AC power. 

TEST OF CONTROL SYSTEM'. WITH THE WATERBOILSR; 

Prior to allowing the control system to operate the 
water bciler, test runs were tr.ade w' th an operator running 
the reactor, hut with parts of the control system in operation, 
The first tests Involved a ci.eckout of the CRI/i initial rod 
drive stop channel. After operat on of this crannsl was 
satisfactory, the control unit was connected in and the oper- 
ator again ran the reactor, during which time the control 



50 



( 







ftT V 


















Pt01^ 




Jr»9^ 



30»¥f 



(0P0SI7MI 

(jftsiom) 






C»^P S^ 



loi 



Tmf-^ op'ittp 

ai>«^) oima fiM»eCv) 



Sd <3^ 




V 






Fl F .Ts»n? 














sj^ 

~4? 






tisec noiauMo PaibtO 



t9Sgt 

U*it 

wsg< 



X 






^$ntH i^r 55 



fiei**^ 



Kfi 



rn^ 

C/P/¥ 



Acc tgpM T rf^Jte CiQ 

(tASs 0^AeP¥u0 T0 Ctkkstg^ 



6 



system was observed and initial aajustraents of the relay 
switch points were made. After this sequence of tests was 
completed, various tests of the control system were perform- 
ed with the control system actually starting the reactor from 
effectively below the counter ranpe and bring' np the reactor 
to full power. 

The various experiments performed uslnr the Automatic 
Control System Included: 

1. Startup from near source level at a programmed rod 



rate. 

2. Period control over 4^ decades using various demand- 
ed periods in the range, 400 seconds to 10 seconds. 

3. Log power control at various levels in the range' 
0.04 watts to 500 watts. 

V 

4. Multimode operation 

a. Fixed error to period error to linear P 

b. Fixed error to period to log P. 

c. Lin P to Los P. 

d. Period to Linear P. 

e. Period to Log P. 

5. By means of an oscillator- rod, a sinusoidal dis- 
turbance in reactivity was introduced and the effective- 
ness of the control system in Log P control demonstrated. 

6. Use of the coarse rod as a negative reactivity 
booster was investi^^ated. 

7. An inverse period run-up feature was evaluated. 
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A KOISE PROBLEM 

» 

Some of the problems encountered included circuit noise 
in the control chassis. Because of the high gain of the 
servo amplifier, any noise was greatly amplified and caused 
distortion of the servo amplifier output waveform. To reduce 
the 60 cycle hum present, a low pass filter was added in series 
with the input to the servo amplifier. In an improved design 
of the control chassis, much of this hum can be eliminated by 
more effective shielding of the si nal circuitry and ’possibly 
the noise filter will no longer be necessary. Any hum of 
peak amplitude greater than 0.1 millivolts saturates the amp- 

r 

lifier when actual amplifier gain' equals theoretical gain. 

If the 3 db frequency of the filter is about 100 rad/sec 
it will not have any si ;nlf leant effect upon the stability of 
the various control loops, however, it will effectively atten- 
uate 60 cps ( 377 rad/sec). 

If T ^ 1 -_1_ X .01 sec 

ojq 100 

C Choose R small, R ~ 5K 

C r _T ^ 10X10“ ^ r 2 {non electrolytic) 

H 5X10*5 

This filter was effective in reducing the hum to a value 
at which successful operation of the control system was possi- 
ble. It is shown schematically In Figure 18. 

B - AUTOMATIC STARTUP PROM REAR SOURCE LEVEL TO FULL POV/SR 

Figure 37 is a crude attempt to show an automatic startup 
record. During the startup shewn, the recorder was Initially 
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connected to a CRM - BF3 channel and, finally, to a Beckman 
mlcromicroamnoter - CIC Channel, Neither ot' these ■■■hannels 
was used in the control loops controllin, the r'.otlon of the 
fine rod. The information available from the fission chamber- 
CRSVi channel which was used to stop the motion of the fine rod 
initially was not as erratic as the recorded output of the CRM- 
BF3 channel. One reason is that the fission chamber is less 
susceptible to pairmia counting than is the BF3. ''.Vhile it may 
seem that automatic control is being used based upon informa- 
tion which has poor statistics, it must be realized that the 
human operator essentially has no more information available, 
and uses a procedure similar to that used by the electronic 
circuits. The human operator may withdraw the rod in steps 
to determine when the reactor is critical. The automatic 
operator, by virtue of the much Greater speed and precision 
with which an electronic circuit can make decisions, can be 
programmed (that is be iven experience) to use available data 
sooner in order to decide when to stop the rod. 

The desi^^n criterion, then, is restriction of the rate 
of initial withdrawal oi" the fine rod to those speeds which 
allov/ sufficient information to be available to the automatic 
operator to make the proper decision as to when to stop the 
fine rod to put the reactor on a safe period. 

Experimentally, it was determined that the automatic 
op-’rator was capable of consistently stopping the fine rod 
so as to produce a safe rate of rise of reactor power level 
and this capability Included a tomatic compensation for 
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differsnt core temperatures at startup. 

While it is realized that this feature is not essential 
to proper startup of the water boiler, nevertheless, it is 
felt that demonstration of the principle is of value for 
those future nuclear reactor aprlications wherein rerfiote 
control of the reactor over all power levels would he desirable. 
C PEIiFOR.:Ai;Cii KhAR FULL POWER 

Power overshoot can be made neplipibla and still a rela- 
tively fast period can be used over most of the 4^ decade 
period ran<-e >.s is Indicated by the experimental results 
shown in Figures 38, 39, and 40. 

Figure 38 is a logarithmic record of the final stages 
of an automatic startup with a demanded 30 second oeriod and 
a demanded 500 watt power level. This record was obtained 
from a recorder which received un input from CL 11 of the 
log K amplifier. 

Figure 39 is a linear record of the final stages of the 
same automatic startup. As in Figure 31, the peaks are caused 
when the operator switches scales on the linear Beckman micro- 
raicroammeter which furnishes the input to the recorder from 
which this record was taken. 

Figure 40 is a linear record of an automatic restart 
using a 30 second demanded period and power demand of 500 
watts. 

D - FAST PERIOD RUN 

Figure 41 is a lorarithmic rocord of the final stages of 
an automatic startup with a demanded 10 second period and a 
demanded 500 watt power level. Only one run was made with 
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a lO-aecond demanded period beca'se of t e limited time avail- 
able for the experiment. With additional experience, it is 
believed that tie 110 watt overshoot could be rreatl^/ reduced 
by proper setting of the switchini levels. 

Because of the low rate at which reactivity may be de- 
creased or increased by the automatic control system when usin,*: 
only' the repulatlnp rod, it is necessary to start the period 
run-up at a low level (about 10 watts) when a period as fast 
as 10 seconds is demanded to orevent excessive power overshoot, 
thus the period is bein^r increased continuously durinf: the 
final one-and-one-half decades. 

E LO^ P RUN 

In Pir.ure 42 are shown two restarts. Restart #1 was 
accomplished usinp Per - Lo ' P control. The overshoot en- 
countered can ’■'6 reduced by more accurate setting of the 
switch point. Restart n2 was accomplished usin Per - Lin P 
control. The point of interest here is the comparison of 
the traces vfnen on lin P control and on Lo"' P control. It 
is seen that when Lin P is the controlled variable, there is 
evidence of drift in the lo.':' N amplifier. 

P KULTIDECADE LOG P CONTROL 

Fi.pures 43 and 44 show inultidecade Lo'” P control. It 

f 

is seen that by iisin-; Lo" P control the power level may be 
stepped down to any level from 500 watts to about 0.02 watts 
automatically and held automatically at a demanded ‘power 
level in that ran- e. 
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G USE OF COARSE ROD TO DECR ASE REACTIVITY; 

An attempt was made to cause the coarse control rod to 
furnish "ne.ative booster" action in the vicinity of demanded 
power so as to allow a fast period rise to full power with a 
minimum of power overshoot. 

The followin' techniques were attempted: 

1. By ssttin:' RE 1 low limit contact before that of 
RE 5 a signal was available to start the coarse rod in before 
full power was reached. Activation of Re 5 switchei control 
to Lin P and stopped the coarse rod. This technique did not 
reduce the overshoot substantially In that the fine cod com- 
pensates for coarse rod movement in an attempt to maintain 
the demanded period. Moreover, calibration problems are 
acute in that if the coarse rod be too effective, relay 5 

low limit contact woald be prevented from making and the 
reactor would overshoot on period control and slowly shut 
down as the coarse rod was continued to the fully in position, 

2. By allowing RE 5 to actuate both fine rod in and 
coarse rod in motion, it was hoped to reduce the power over- 
shoot. RE 1 upper limit contact was then used to stop the 
coarse rod. This involved one new feature, namely the acti- 
vation of the pull-in feature of the hi -h limit contact of 

HE 1 after the Lo ' P error was sufficiently reduced to pre- 
vent premature loldinp of the relay swin :er. This was done 
by incorporatinp a spare set of RE 5 A contacts in the coil 
circuit of relay lA. 

This feature required extremely accurate calibration and 
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7/as not practical in that ti.e fine rod feedback control system 
would not allow the lo P error to incrsaee sufficiently below 
that demanded by linear P control to actuate t- e coarse rod . 
stop relay until the worth of the fine rod was reduced as the 
extremity of the j'od became the controllinm feature. 

The result is a negative or reverse overshoot in reactor 
power level. 

A third attempt involved a combination of the above 
listed methods in that coarse rod motion was initiated by 
relay 5 and stopped by low limit contact of relay 1. This 
required careful calibration in ti.at insufficient overshoot 
caused the reactor to shut down. 

All three of these methods were a^'andoned in favor of an 
inverse period run-up system which has been descril-ed. 

The results of fine rod plus”nepative booster" coarse 
rod control are presented in Figure 45. 
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OlocGury of Symbolfi : 



a - a coartant 

b - a conrtant 

C - capacitance, capacitor 

CiC - Garjv^a coi n>c/i3e. tod ionj.”,.'! Ij on cn;. mbor 

D - ri- tocbor con: :,ant 

0 - raj n 



ri{ - frequency dependent part of a transfer fuciction 



I - 
K - 



•^a 

^c - 

Kj: - 

K[, - 
K' - 
Kr - 
l-‘h - 

- 

KL. - 
KG' 

Kak 

k - 



current 

a ccnst^int, open loop eain, reactivity 
sei’vo anplifier At ‘''airi 

- 5c*'Vo ai'plifier evr^' nt to voltage conversion factor 
rervUatin;: -^oc transfer function (percent K) 

1C tr(insfcr function 
control motor ;• lin conrtant 

Lop 'A anplifi-.'r rain conrta.nt (Lo»- x channel) 
renulatinr' roc transfer function (dolla rr) 

V- ^ctor '^ain conrt:int 
r,rrvo anTlifior rain 
transfer function 

- open loop tr.nrfer functioii 

- attenuator ( coc.p/irator) trarisfer function 

a conr ba it 



k, - a oonrtn.it 
kp - a constant 
- a constant 
k), - a conrta it 
kr' - a conruint 

/ - tne eficctivo neutron poneration time i/i tne reactor 

Lin t - linc.nr power 

Lop I - lopai’iU.ic. of power 

m - slope of a lino 

Uoi - number of tnermal neutrons per cm- per w tt 
Hq - nutiVicr of tru rrnl nei:trv)ns per cm-^ 

OLTF - open 1 > 0 { tra;isfer fun' ti on 
P - reactor power 
P to ^ - peak to peak 
i LR - reactor ’ oriod 
R - resistance 

T - reactor period, a ti::ie coist,ant 
T;; - servo as'iplificr time constant 
T, - r^'actor time i.'onrtant 

ft) - Lop Ii ar.jlifier time constant ( dEK channel ) 

Tp - incicatm'd reactor period 
Tui - contx'ol motor ti.r.e conrtant 

T{ - Lor il amplifier tine cofictar.t (Lo" I channel) 

Tp - Lor A amplifier time conr tant (i'Eii channel) 
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T-^ - reactor ti’.ie constant 
t - t5 "lo 

V - Voll-'j"’e 

V ( - calif ra t . on v ol lap e 

Vq - oubpnb voU^pc 
Vp - voJ tape f ropoi’tional bo 1 op F 
• - control rod :o-iti on 

. nffoc bivo' tot-ai fraction of all neutrons which are delayed 
- ith proup frav tion of total neutrons froin fission 
J - increment 

A - ’’one neutron proux " decay constant 
Ai - ith neutron ?roup decay constant 
/ - neutron flux in the reactor 

Cv - anpular frociuoncy, reciprocal tiiae constant 

(^Jf^ - l/IA 

- break frequency 



^eff 
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APPENDIX II 



LEASUREMEKT OP THE POWER TRANSFER 



FUNCTION OF THE L-3 WATER BOILER NUCLEAR REACTOR 
Introduction. 

A very thorough discussion of the transfer function of 
the water boiler reactor is contained in Ref, 17. An 'inspec- 
tion of Figures 1, 2, and 3 of Ref, 17 indicates that the 
highest break frequency is 



for Pq not too large. 

Obviously then, if the transfer function can be measured 
in the vicinity of this frequency, it will be possible to 
experimentally detemine A the normalized effective neutron- 
generation time in the reactor. 

Furthermore, since the transfer function had not been 
experimentally detenrined for the L-3 watertoiler, the objec- 
tive of the measurement could be broadened to include measure- 
ment of the transfer function over as wide a frequency range 
as possible. 

Initially four methods virere considered: 



mental determination of the transfer function over as wide a 
frequency ran™e as the mechanical components of the pile 
oscillator v;ould allov/. This is the classical method of 
Karrer, Boyar, and Drucoff as used on the CP-2 reactor and 
outlined in Ref. 5. 

2, (a) The use of a statistical technique as outlined 




( 1 ) 



1. Construction of a pile oscillator and experi- 
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in Ref. 6a whereby white noise is applied to the reactor and 
the crosscorrelation function between the input and output 
is measured. Since this crosscorrelation function is the 
system response to an Impulse, it is necessary to numerical- 
ly take the Fourier transform of the measured crosscorrelation 
function. There are major instrumentation difficulties here, 
such as obtaining the noise g.enorator which has a flat noise 
spectrum over the frequency rank’s of interest and obtaining 
a crosscorrelator with the proper frequency response. More- 
over, once the noise renerator is obtained there is the diffi- 
culty of applying it to the reactor. 

(b) These difficulties are for the most part allevi- 
ated by the procedure outlined in Ref. 6. By this technique, 

t 

it is only necessary to measure the autocorrelation function 
for power noise in the reactor to obtain the weighting func- 
tion or rector response to a unit impulse. However, there is 
still the need for a correlation device. 

3. Direct application of an impulse to the reactor and 
measurement of the response was considered. Serious objections 
here involve the difficulty of physically obtaining a -"ood 
approximation to an impulse. 

4. Application of a step function to the reactor, numer- 
ical differentiation of the response and a subsequent Fourier 
transform to obtain the transfer function. The main objection 
here is the limited accuracy imposed by the instrumentation 
whereby the response is determined. 

Since the equipment necessary for construction of a pile 
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oscillator was already available, this method was chosen for 
the first attempt. The pile oscillator design specifications 
were jointly determined by Mr. Fred Shon and Mr. Ernest Eill 
of UCRL, Livermore, California. The implementation of this 
design was accomplished by Mr. William Wade. The instrumenta- 
tion finally adopted was developed by the author based upon 
the method outlined in Ref. 5, and suggestions of Mr. Fred 
Shon andMr. Gordon Nelson. The operating crew and electron- 
ics staff of the LPTR assisted in the setting up and operation 
of the experiment. 

Description of the Experiment. 

A. The Pile Oscillator. 

The pile oscillator moved a 2cm2 atrip of cadmium 
with simple harmonic motion in the rlory hole of the L-3. 

The peak to peak amplitude of oscillation was two inches, so 
chosen that the perturbation Introduced by the cadmivtm would 
only occur in that section of the reactor core where the 
Importance function was approximately linear with distance 
from the center of the core. Figure l-I is a sketch of that 
part of the pile oscillator inside the reactor cbre. 

The mechanical construction of that part of the pile 

/ 

oscillator external to the reactor is shown in Figures 2-II, 
3-II, and 4-II. Figure 2-II shows the point of entrance of 
the oscillator rod into the reactor shielding as well as the 
aluminum mounting and support table and brackets. 

Figure 3-II shows the scotch yoke assembly whereby the 
rotational motion of the variable speed motor shaft was 
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converted to simple harmonic motion of the oscillator rod to 
provide for a sinusoidal variation of reactivity. The ampli- 
tude of variation was fixed hy stroke lenpth and was designed 
to be small in order to not exceed the linearity requirements 
associated with the definition of the transfer function. How- 
ever, the amplitude of reactivity variation could be changed 
by the insertion of cadmium absorbers of different areas. The 
brackets attaching; the table to the reactor were constructed 
with adjustable slots to allow optimum positioning of the 
oscillator rod in the glory hole. 

Figure 3-II also shows the 1:1 gearing arrangement where- 
by the swinger of a one turn helipot was geared to the oscil- 
lator rod drive. This helipot was used to renerate a saw- 
tooth waveform to provide both frequency and phase information. 

Figure 4-II shows the variable speed motor and gearbox 
which was used to drive the oscillator rod at speeds from 
0.076 to 157 radians/sec. Also shown is the helipot from 
which phase and frequency information was obtained, 

B. Instrumentation. 

A schematic representation of the instrumentation 
used is shown in Figure 5-II, 

The two channel, recorder v/as used at the lower frequen- 
cies to determine frequency and phase between input and out- 
put signal as a function of frequency. At the higher fre- 
quencies the two channel recorder was used to determine 
frequency and relative amplitude of the output signal, but 
not phase Information because of the limited paper speed of 
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the recorder. Phase information and frequency were determined 
at the higher frequencies, by using the dual beam oscilloscope 
and Polaroid camera. 



In order to determine the steady state power level during 
the measurements, an accurately calibrated Beckman raicromi- 
croammeter was used. 

To convert from relative to absolute amplitudes the worth 
of the oscillator rod v/as determined by a calibration a-ainst 
the fine control rod, the v/orth of which is accurately known. 
It was also necessary to know the transfer function of the CIC 
and coupling network and the calibration of Channel A of the 
Offnet recorder. 

The CIC used is the CIC with optimum placement with res- 
pect to the reactor core (the Servo Amp. Lin-P CIC). 

C. Sample Calculations. 



coupling circuitry to the recorder and oscilloscope. The 

I 

input Impedance of the oscilloscope and the recorder, as well 
as cable and CIC capacitance, measured by m^eans of KOD 250 DA 



Impedance Bridge, is accounted for. 

Figure 6(a)-II is the :^eneral equivalent circuit. The 
magnitude of the current I 2 is known to be 0.05 r icroamp/watt 
reactor power. 

The values of resistance indicated are specified to the 
order of ma'^nitude that they are known. A consideration of 



magnitude that the variable and circuit parameters are known. 



Figure 6-II .'-’■ives equivalent circuits for CIC and 



Figure 6(a)-II will indicate that 




the order of 
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Figure 6(b)-II is an equivalent circuit a-propriate for 
consideration of current division in so far as ma: nitude of 
the output signal is concerned. Thus to the accuracy of the 
data the effective magnitude of the transfer function from 
reactor to recorder input ts 0. 025 c^a/watt over the frequency 
range of interest. 

Figure 6(c)-II is an equivalent circuit aprropriate for 
consideration of phase shift from reactor to oscilloscope. 

Phase shift ^ ^ -arg (l+J^vT) 

where T = HC = 0 . 5X103X1236X10“12 =518X10-6 (2) 

T ' 6. 18X10-4 sec. (3) 

Figure 7-II is a plot of phase lag in the detector cir- 
cuitry as a funfction of frequency. 

Conversion, Relative to Absolute Gain; 

Pile OSC Expt. 2/19/59. (Table 4-II) 

Input; 0,057 dollars peak to peak worth of oscillator rod. 

Output ; 

= calibration voltage of dynagraph - ImV 

7 . 3 mm 

CIC Constant = 5. 0X10-8 amp/watt reactor pov/er 

Detector Constant, D 

D=^4.7K X .5,i.0X10lg - 1.17X10-4 volt/watt 

Pq =459.\Y (1. 35X10 gSBeckman #1) 

For chart sensitivity used 

DVq- 0.117 X 7.3 ^ =0.854 

w mv w 
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Gain — Vout P to P (mm) 

0.854 Kim Pqq X^Kp p 



( 4 ) 



At 0 db relative 

Gain -23.2 ' _1.04 (5) 

' 0.854X459X5.7X10-*'^ ' 

20 log Gain Pactorc:20 log 1.04 =0.32 db 

In Figures Xl-8 and 9-II> samples of the measured data 
are shown. Figure lO-II is a plot of the magnitude of the re 
actor transfer fvmction. Figure ll-II is a plot of the argu- 
ment of the reactor transfer function. 

The reactor is herein treated as a minimum phase network 
in that either Figure 10 or Figure 11 is sufficient to deter- 
mine the transfer function. It is noteworthy that the prompt 
neutron lifetime as determined from either plot is substan-' 
tlally the same value. 

9^ ^ ~ 1.35X10-2 S£C (6) 

If we assume = 0, 00855 

i 1.155X10-'^ sec (7) 

This value of l"^ will be used in both the linear analy- 
sis and computer 5-dela;9^ed-neutron-group analysis of the con- 
trol system being designed, 

DV(;; - 0. 117mV X24 mm/mv r::2,81 rrm/w 

Gain — V out F to P (mm) 

2.81 ^ Po X^Kp to P (4) 

W 

Gain ^ Vput 6.24 Vput (8) 

2.81XPp X5.7X10^ Pp 
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D. Discussion of Results. 

Figure 12-11 is a plot of the argument of K G based 
on data taken with Pq— 90W. The shape of the curve is similar 
to that shown in Figure ll-II, but/\seems to be displaced 
about two degrees from that of Figure ll-II, The data upon 
which Figure ll-II is based is considered to be more accurate 
at the hi^h frequencies because of noise present on the oscil- 
loscope when taking the measurements at 90 W upon which the 
phase determinations shown in Figure 12-11 are based. 

Figure 13-11 Is a composite plot of the amplitude data 
obtained at 90 W and 459 W. These data were not affected 
by the noise present at high frequencies in the 90 watt run, 
because all amplitude data were obtained from the recorder. 

In the frequency range of measurement, the transfer 
function is shown to be essentially the same for these two 
different power levels. These results when compared with 
Figures 1 and 2 of Ref. 17 are seen to be in reasonable but 
not exact agreement. In addition to possible experimental 
error, the discrepancies mi. ht be attributed to the power 
feedback loops, especially the radiolytic gas feedback loop 
which has not been completely described analytically. In 
the theoretical development, the time constant chosen for 
the gas loop is l/lOO sec. Were this time constant longer, 
the effect of bubble formation would be more si nificant in 
the frequency ran,'e of interest, and the theoretical result 
would be more nearly in a rsemept with this experiment. 

Ref. 17 points out that recent experimental results Indicate 



73 






I 

i 




I 



1 




I 



1 



that the analytical transfer function should take into account 



a dissolved gas stage and an average buhMe 
In evaluating the results, one also ne 
that in the experiment there were deviation 
ard conditions prescribed in the theoretica 
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APPENDIX III 



^.ODIP’ICATIOKS AND ADi^ITIONAL EXPERIMENTS 

A, Proposed Chansres to the Original Design, 

1. The minimum period which will he programmed auto- 
matically will be ten seconds. It is compatible with con- 
trol loop response to program 0,35 volts == ten second period. 

Assuming 170V power supply, dropping resistor is 

^ X 500^^ 280 Z ± 1% 

Brown recorder used in the period control loop should be 
equipped with a IK-^retransmitting slidewire instead of a 50Kvi_ 
retransmitting potentiometer. Dropping resistor in series 
with this IK slidewire is to be 280K Period run-up 

potentiometer is to be changed to IKjlI watt^ Period demand 
potentiom.eter is to be 500-^ ten turn Hellpot. 

2. Versatrol Control Units shown in Table III should be 
installed to replace the temporary load relay assembly shown 
in Firure 20. The use of individual load relay power supplies 
v/ill increase reliability, 

3. With the exception of the LE 1366-lC power supplies, 
entire control chassis is to be enclosed in an aluminum 
shield to eliminate stray pickup. 

4. All leads carrying dc control signals are to be 
shielded and isolated from other leads in the control chassis 
insofar as possible. All relay coil leads, external to 
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versatrol control units, are to be shielded. It is expected 
that improved shielding will allow removal of the noise 
filter shown in Pipure 18. 



; 



5. Lop P demand potentiometer is to be chanped to 50K. 

k 

6. Diode bias resistors in the Lop P Comparator are to 
be changed from lOKjvto 5K_n_. 

7. Initial Rod Drive Potentiometer is to be reduced from 
IK-oio 500-A.ten- turn Helipot. 

8. The fixed pain bias curcuit shown in Figure III-l is 
to be installed in stage two of the servo amplifier instead of 
the temporary modification to stage two presently installed. 
Resistors indicated by symbol number are parts of the unmodi- 
fied servo amplifier. 

Several of the chan-es proposed herein are merely remov- 
al of temporary modifications made necessary in the original 
model by the short time available for experimentation. 



B. Proposed Additional Experiments. 

1. Repeated startups from source level, observing the 
effect of varying Initial Rod Rate Drive. 

2. Recalibration of all demand Helipots and meter 
limit points. 

3. A more extensive evaluation of Per - Log P startups. 

4. A measurement of the reactor transfer function by the 
step method at various power levels to obtain data in the fre- 
quency range 0.001 to 0.1 radians per second w^ere sinusoidal 
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1. Relay contacts are in Auto-Controller Chassis, 

2, Resistors shown shaded may be mounted in Auto- 
Controller C’mssis, Except for RE 6 and 32, all 
ot?ier components v;ere in unmodified serv amo 
(Ref. UCRL TL 6994E) . 

3« Temporary modification to servo amp shown in 

Figure 18 is to be removed prior to acco...plish- 
ment of this ::.odif ication. 



FIGURE 1 - APPENDIX III 
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techniques are not effective 



5, A measurement of the reactor transfer function at 
steady state by correlation techniques to compare with the 
results already obtained. 

C. Other Possible Modifications. 

1, Set Back Circuit; 

A minor modification to the Lof P comparator would 
allow incorporation of a Setback Circuit. Such a circuit 
would automatically place the reactor on Lof P control and 
insert the fine rod so as to reduce power level to a level 
belov; that demanded by Lin P control. PE 5 must be replaced 
by a high limit contact Symplytrol, The revised comparator 
circuit is shown in Figure 2 - III. 

2, Dual Mode Control: 

By inserting a sensitive relay in the RE 1 coil arm 
of the Log P comparator, it is possible to allow Par Control 
whenever the power level f?oes below the demanded power level 
by a prescribed amount. This modification is shown in Figure 
3 - III. It is not used to remove Log P control because of 
safety considerations. 

3, Sequential Interlock Circuit; 

It is possible to eliminate the need to reset Symply- 
trol Relays for restarts and provide an added safety feature 
thereby. This modification is shown in Figure 4 - III. 
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4. Automatic Withdrawal of Safety and Coarse Control ftod 
This modification is a minor one. Since the safety 
rods are withdrav;n sequentially to the full out position, 
it is only necessary to parallel the manual switch connections 
with two sequential relays. The coarse rod may ta withdrawn 
a perscribed amount by either a time delay relay or the use 
of a potentiometer attached to the synchro coarse rod position 
indicator and a S^„7inplytrol-Rela3’--actuated atop relay with a 
manual override switch. 
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